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Abstract
We show that the string-breaking distance can be read off from meson-production
data, by employing a previously derived expression for the production amplitude.
Accordingly, we find that the radii of 0.67, 0.34 and 0.20 fm for the creation of
non-strange qq¯ pairs obtained in the Resonance-Spectrum-Expansion model, for
light-quark, cc¯, and bb¯ environments, respectively, are in perfect agreement with
S-wave di-pion production data, upon employing an ansatz with no additional free
parameters.
Ever since the reconciliation of quark confinement and hadronic decay by G. Zweig’s
proposal [1], quark-pair (qq¯) creation and annihilation constitute an important piece of
research in particle physics. Later, one realised, as applied in hadron models [2], that the
created qq¯ pairs are favored to carry the quantum numbers of the vacuum [3,4], which is
confirmed by the experimentally observed dominant hadronic decay modes [5]. Inspiration
from the theory of strong interactions has given rise to the flux-tube picture [6] and the
gluonic string model [7, 8].
In the string picture, the gluonic field energy increases with larger interquark distances.
Hence, the energy needed for the creation of a qq¯ pair depends on the distance between
the hadron constituents. Estimates for the average distance at which qq¯ pair creation
takes place yield, for mesons, values ranging from a few tenths of [9] to several [10] fermis.
Moreover, recently the shape of the transition potentials derived in Ref. [2] has been
confirmed by lattice calculations [9].
In the Resonance-Spectrum-Expansion meson model [11], the field energy ε stems from
the confinement potential, which is quadratic in distance and has a flavor-independent
1
level spacing ω. As a consequence, considering a meson with constituents of flavor f,
the average string-breaking distance r0, f for the creation of a light qq¯ pair is inversely
proportional to the square-root [12] of the reduced mass µf of the meson constituents, i.e.,
µf r
2
0, f =
2εqq¯
ω2
, where q = u, d, or s . (1)
Here, we employ the flavor masses of Ref. [11] (mn ≡ mu/d = 406, ms = 508, mc = 1562,
and mb = 4724 MeV) and r0,ns¯ = 3.24 GeV
−1 [13]. Hence, with nn¯, cc¯, and bb¯ for
the constituents of a decaying meson, we obtain r0,nn¯ = 0.67 fm, r0,cc¯ = 0.34 fm, and
r0,bb¯ = 0.20 fm, respectively, for the creation of a light quark pair. Below, we shall
confront these values with the data.
In Refs. [14, 15] we have discussed the expression [16]
P = ℑm (Z) + T Z , (2)
relating the two-body subamplitude P , showing up in processes of strong decay under
the spectator assumption, with elements of the two-body scattering amplitude T . The
vector Z represents the quark-pair creation vertex, and does not carry information on the
two-body final-state interactions, which are contained in T .
For complex coefficients Z = |Z| exp(iφ), we obtain from Eq. (2), in the one-channel
case (i.e., below the first inelastic threshold) and writing T = {exp(2iδ)− 1} /2i,
P = |Z|
[
1
2i
{
eiφ − e−iφ
}
+
1
2i
{
e2iδ − 1
}
eiφ
]
= |Z| e−iφ
1
2i
{
e2i(δ + φ) − 1
}
. (3)
A comparable result has recently also been advertised by D.V. Bugg [17], thereby distin-
guishing between T (elastic) and T (production), which here read {exp(2iδ)− 1} /2i and
{exp(2i(δ + φ))− 1} /2i, respectively.
Equation (3) does seem not to satisfy Watson’s theorem [18], which states that the
phase motion of elastic scattering T and production P should be the same [19]. However,
in the following we shall find that the complex phase of two-body subamplitude (3) is
identical to the complex phase of T .
Assuming OZI-allowed strong processes, the nonstrange (nn¯) and strange (ss¯) scalar
(JPC=0++) isoscalar (I = 0) qq¯ systems couple dominantly to pipi below the KK¯ thresh-
old. Hence, we may, to a good approximation, consider uncoupled pipi elastic scattering
and production, for total invariant two-pion masses up to about 1 GeV. In the one-channel
case, formula (3) becomes a rather simple expression. We find for the S-wave two-pion
production and elastic scattering amplitudes the relation [14]
P0 ∝ j0 (pr0) + i T0 h
(1)
0 (pr0) , (4)
which, by the definition of Bessel and Hankel functions, and the introduction of the elastic
scattering phase shift δ0 = log {(1 + 2iT0) /2i}, reduces to
P0 ∝
1
pr0
sin [δ0 + pr0] e
iδ0 . (5)
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Figure 1: The various sets of elastic scattering data used in this paper are taken from
(⊙, Ref. [20]); (∗, Ref. [21]); (⋆, ×, ⋄, ⊳, ⊲ for analyses A, B, C, D, E of Ref. [22],
respectively); (◦, Ref. [23]); (⊗, Ref. [13]); (⊲⊳, Ref. [24]); (♥, Ref. [25]). The solid line
indicates the average behavior of the data as a function of the total invariant two-pion
mass.
Consequently, we obtain for production a phase which equals the sum of the elastic scat-
tering phase shift and a term depending on the linear momentum p of the two-pion system.
Next, we shall apply relation (5) to the central production of pion pairs in pp→ pppipi.
For elastic pipi scattering, we use the analyses of Refs. [20–25]. Furthermore, employing
conservative estimates for the theoretical uncertainties, we also use the theoretical phases
of Ref. [13], which agree well with the data presented by the BES collaboration in Ref. [26].
In Fig. 1 we depict the available experimental phase shifts. The corresponding cross
sections, being proportional to |exp (2iδ0)− 1|
2 /p2 below the KK¯ threshold, peak around
600 MeV.
Using the recipe (5), it is extremely easy to determine the production amplitude that
follows for the various experimental phases δ0, once we have at our disposal a reasonable
value for the average distance r0 at which quark-pair creation and annihilation is supposed
to occur. Such an estimate was given long ago in Ref. [27], and recently in Ref. [13]. The
estimates in Refs [13, 27] have been confirmed by recent lattice calculations [9], i.e., for
light-quark-pair creation in heavy-quark systems. For light consituents, we shall here use
the most recent value of r0 = 0.67 fm used in Ref. [13].
Figure 2a shows how |P0|
2 varies with the total invariant two-pion mass when expres-
sion (5) is applied to the eye-guiding curve of Fig. 1. As a first result, we observe that
for the production amplitude (5), we obtain a maximum at about 400 MeV. This agrees
with the central pipi production data of the AFS collaboration [28] taken at ISR (CERN),
and also with the data of the BES collaboration [26]. Similar conclusions can be found in
the work of Au, Morgan, and Pennington [19].
Summarizing so far, with one parameter, r0, which had been determined two decades
ago for the modeling of elastic meson-meson scattering [11,27], we obtain a good result for
two-particle production at low energies, by using a formalism predicting for production a
phase motion that differs from the elastic phase by a momentum-dependent function.
However, production amplitude (5) deviates from the data for larger values of the
invariant two-pion mass. This result could easily have been anticipated, since from Eq. (5)
one observes that at higher energies the discrepancy with elastic scattering increases. Here,
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Figure 2: (a) Expression (5) with r0 = 0.67 fm [13], for the eye-guiding curve of Fig. 1 (black),
compared to the AFS data [28] (blue). The normalization of the curve has been adjusted to the
data. (b) Expression (7) for the eye-guiding curve, compared to the AFS data [28] (•), and to a
production amplitude derived from a subset of the elastic scattering data (◦) by D. V. Bugg [17],
using a different method. (c) Expression (7) applied directly to the data exhibited in Fig. 1
(black), to be compared with the same production data as shown in (b).
we assume that the complex phase of the vertex, represented by the vector Z in Eq. (2),
stems from the time delay necessary for the initially created quark pair to escape from
the interaction region. Naively, we expect that at higher energies this supposed constant
time delay will have a relatively larger effect. At this stage, it is worthwhile to mention
that expression (5) stems from the one-delta-shell approximation to the peaked potential
that describes the transitions between qq¯ and meson-meson configurations. Now, the δ-
shell approximation is good enough for the demonstration of certain aspects of the meson
spectrum [12,29,30], but not for a detailed description of meson-meson scattering at high
energies.
More accurate transition potentials have been determined in Ref. [2]. Their form, as
a function of the interquark distance r, is reasonably well described by [31]
Vt(r) ∝
r
r0
e−
1
2
(r/r0)
2
. (6)
¿From this shape, which strongly resembles the form of the qq¯ ↔ meson-meson transition
rate determined on the lattice (see Fig. 18 of Ref. [9]), we infer [32] that for the phases in
production processes one has
P0 ∝
1
pr0
sin
[
δ0 + pr0 e
− (pr0)
2]
eiδ0 . (7)
Note that, with the latter expression, also the real production phase tends towards the
elastic-scattering phase as p increases. Figure 2b shows the behavior of expression (7) for
pipi production, when applied to the eye-guiding line of Fig. 1, for invariant masses below
the KK¯ threshold. Above about 600 MeV, we compare our semi-theoretical production
amplitude, besides the AFS data, also to an analysis based on standard methods, though
restricted to I = 0 and S-waves only [17], just as in the present paper. The slight
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discrepancy between the AFS data and our predictios above 800 MeV may be explained
by I = 2 and D-wave contributions [33].
In Fig. 2c we show the result for the procedure defined in Eq. (7) applied separately
to each of the data points exhibited in Fig. 1. The general trend is similar to that of the
curve shown in Fig. 2b. However, at low energies we note that the procedure (7) is very
sensitive to the precise values of the elastic phases.
The theoretical maximum in the curve of Fig. 2b at an invariant two-pion mass of
363 MeV is a consequence of the choice r0 = 0.67 fm. The latter value was determined
in our unitarized meson model [13, 27] for light-quark-pair creation in the presence of
light quarks. Through flavor invariance of the strong interactions according to Eq. (1),
it is related to the average radius of light-quark-pair creation in the presence of heavy
quarks [12].
In the process J/ψ → ωpipi, we must consider the presence of a cc¯ system. This
implies r0 = 0.34 fm, which causes the maximum of the corresponding amplitude to
come out at 467 MeV. This appears to be the reason why in the experiment of the BES
collaboration [26] a σ signal at such a higher energy was observed. Nevertheless, the σ
pole position, contained in the T matrix, which is not altered by Eq. (2), is the same as
for the results of the AFS collaboration and also for the elastic pipi amplitudes.
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Figure 3: (a) Expression (7) applied to the eye-guiding curve, with r0 = 0.34 fm [12] (solid)
and two different values of r0 (dashed), compared to data of the BES collaboration [26] (blue
histogram), and to an analysis of the same data done by D. V. Bugg in Ref. [24], here multiplied
with phase space (•). Data and curves have been normalized to unity at the peak. (b) As in
(a), but now for r0 = 0.20 fm (solid) and also for different values of r0 (dashed), and compared
to di-pion data (•) of the CLEO collaboration [34].
In Fig. 3a we compare the data of the BES collaboration [26], and an analysis of the
same data carried out by D. V. Bugg in Ref. [24], with the prediction of the procedure
defined in Eq. (7), for r0 = 0.34 fm, applied to the eye-guiding curve of Fig. 1. A similar
comparison, but now for r0 = 0.20 fm, is given in Fig. 3b with the apparently clean
S-wave di-pion signal in Υ(3S)→ Υ(2S)pi0pi0 of the CLEO collaboration [34]. We again
notice a nice agreement of our parameter-free procedure with the data. The production
5
amplitudes, obtained from Figs. (3a,3b) by correcting for phase space, show maxima at
467 MeV for the BES data and 521 MeV for the CLEO data.
In conclusion, our modification (7) of the elastic phases appears to explain well the
differences between S-wave production and elastic scattering data. Furthermore, just
above threshold, from the slope of the production curve as a function of linear momentum,
one can read from the data the interquark distance at which pair creation is favored. For
light-quark-pair creation in the presence of light quarks, we find r0 = 0.67 fm, whereas in
the presence of heavy quarks the radii are r0 = 0.34 fm for cc¯ and r0 = 0.20 fm for bb¯, the
latter value being in agreement with recent lattice calculations [9], too.
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